INTRODUCTION
Lung counting has many sources of uncertainty that can impact on the activity estimate such as different deposition patterns of radioactivity in the lung, rib size and placement, chest wall composition and profile, effect of detector size and thickness. For example, if a lung counter is calibrated using a lung set that has the activity homogeneously distributed throughout the tissue substitute material and the deposition in the subject is heterogeneous there will be a large uncertainty introduced. However, to investigate it experimentally would be too expensive and time-consuming, moreover, in some details impossible. Therefore, a virtual phantom derived from the MIRD (1) (Medical Internal Radiation Dose) and the LLNL phantom (2) was designed to study the effect of a heterogeneous deposition on the activity estimate using Monte Carlo code simulation (3) .
Unfortunately, the virtual phantom had certain limitations. It contained no sternum and the ribs extended all the way round the torso, whereas in reality the central part of the chest is covered with a mixture of cartilage (ribs) and bone (sternum). The ribs were located below the chest wall which added to the thickness of the chest wall. The lungs did not touch the inner surface of the chest wall along their length due to the differences in curvature between the ellipsoidal lungs and the ellipsoidal cylinder that defined the torso. As a result, there was extra intervening tissue between the lungs and the chest wall. This was shown to have a noticeable effect on the simulation of low energy photons; 17 keV photons were predicted to have a counting efficiency approximately a factor of three lower than experimentally observed. This paper describes the improvements and modifications to the virtual phantom that minimise some of these limitations. Experimental data are presented that show the modifications have greatly improved the virtual phantoms characteristics for low energy photons.
METHODS AND MATERIALS
The Ge Detectors: The germanium detectors were modelled based on the specifications supplied by EG&G Ortec and have been described elsewhere (3). They have not been changed in this model, but the upper two detectors have been rotated so that they fit the contour of the outer chest wall. The rotation is relative to the axes of the virtual phantom. The z-axis is the vertical axis, the y-axis is the transverse axis, and the x-axis is the anteroposterior axis. The origin of the axis of rotation has been moved to (2.5, 0, -5) and the angles (in degrees) between the existing axes (x, y, z) and transformed axes (x', y', z') are: x,x' -26 ; y,x' -90 ; z,x' -64 ; x,y' -90 ; y,y' -0 ; z,y' -90 ; x,z' -116 ; y,z' -90 ; z,z' -26 . This rotation was applied to detector #1, which was placed over the upper part of the left lung, and detector #3, which was placed over the upper part of the right lung. Detectors #2 and #4 remain unchanged.
Alteration of the Virtual Phantom: The virtual torso was altered in two ways: the ribs were placed into the chest wall instead of remaining below the chest wall, and the chest wall contour was changed to be more realistic. Materials used for the filling, the lung shapes and other characteristics of the phantom remain unchanged as described elsewhere (4) .
The virtual phantom is constructed by placing a series of geometrical solids in x, y, z space. The changes described above required that two sets of solids to be combined. The chest layers of the improved virtual phantom are defined by ellipsoids parallel to the z-axis (previously they were defined by elliptical cylinders). The two sets of ellipsoids are joined at the normal to the z-axis at -0.1; for z-values greater than -0.1 the ellipsoids are termed "upper" and for z-values less than -0.1 they are termed "lower". The inner and outer boundaries of both the "upper" and "lower" chest and rib ellipsoids are defined by equation 1:
Where A to G are parameters that determine if the shape is an ellipsoid, hyperboloid, or a paraboloid, and x , y , and z are the coordinates of the centre of the shape.
The parameters A, B, C, D, E, F and G were chosen to give a chest wall thickness that was close to that of the LLNL phantom with no overlay plates (i.e., 1.6 cm). The values given in Table . The ribs, which are now placed inside the chest wall, are defined by the space between two concentric
elliptical cylinders that are defined by equation of the form given above. The ribs are formed by cutting the ellipsoids with planes perpendicular to the z-axis so that eight sections are created. The width of the ribs (dimension of length along the z-axis) is the same as the distance separating them; 1.4 cm. The lungs consist of ellipsoids,19 cm (x-axis), 10 cm (y-axis), and 20 cm (z-axis), that have had sections removed by intersection with other shapes so that they closely resemble the lungs in the LLNL torso phantom. The lungs retain the same shape as previously (4) but have been shifted slightly in space to accommodate the new chest envelopes The left and right lungs are now defined by the following equations:
The lungs represent the source of photons. To allow the investigation of the effects of heterogeneous distributions, each lung is divided into eight sections by planes perpendicular to each of the x, y, z directions. The planes pass through the center of the modified ellipsoid. The y-z plane perpendicular to the x-axis passes through x = 0.38, the x-z plane perpendicular to the y-axis passes through y = 6.5 for the left lung and y = -6.5 for the right lungs, and the x-y plane perpendicular to the z-axis passes through z = 0.
The Simulations: The virtual phantom was measured using photons of the following energies: 17 keV, 20 keV, 40 keV, 60 keV, 120 keV, and 240 keV. The photons that interacted with the germanium in the detectors were tallied individually so that an individual detector efficiency was obtained for each configuration. An array was simulated by simply adding up the individual detector tallies for a given configuration. Each run was performed on a single energy source, with 1 x 10 7 photon paths being simulated for all photon energies of 20 keV or greater. The relative error was less than 0.1 for all simulations. The high tissue attenuation of the 17 keV photons required that these simulations were run using either 5 x 10 7 or 1 x 10 8 photons to meet the relative error requirement. All Monte Carlo simulations were performed using the code MCNP4A.
RESULTS AND DISCUSSION

Comparison of the virtual phantom with the LLNL and JAERI phantoms:
The counting efficiency for the LLNL and JAERI phantoms was measured as described elsewhere (5) . The Monte Carlo code simulations predict how many photons will interact with the detector crystal. The detection efficiency is, therefore, measured in counts per photon; however, it has been converted to cps/photon to make the data comparable to the experimental data obtained from the two torso phantoms. The conversion was performed by dividing the counts per photon by an arbitrary time so that the derived cps/photon of the virtual phantom matched the counting efficiency of the 240 keV photons for the JAERI phantom (6). The results for the original and improved virtual phantom are given in Table 2 .
The data are also shown in Fig. 1 where it can be seen that the LLNL and JAERI phantoms agree very closely in their measured counting efficiencies with the improved virtual phantom. Fig. 4 also shows the results from the original virtual phantom. It can be seen that agreement between the redesigned virtual phantom and experimental data is much improved at low energies. The redesigned virtual phantom agrees to within 11% of the torsos' counting efficiency at all photon energies (17 -240 keV). Before modification, the virtual phantom's counting efficiency was a factor three lower at 17 keV and factor two lower at 20 keV; now it is within 6% at 17 keV and within 11% at 20 keV.
Limitations of the virtual phantom: The virtual phantom still contains no sternum and the ribs extend all the way round the torso, whereas in reality the central part of the chest is covered with cartilage (ribs) and bone (sternum). However, the results indicate that this is not a major flaw in the design of the virtual phantom as agreement between the Monte Carlo results and experimental data is good.
CONCLUSIONS
The comparison of measured and calculated counting efficiencies has shown that the redesigned virtual phantom is a good representation of both of the LLNL and JAERI torso phantoms at all photon energies measured. The agreement is better than 11% over the energy range 17 -240 keV. This phantom can now be reliably used to further investigate experimentally unattainable effects on lung counting such as different deposition patterns of radioactivity in the lung, effect of rib size and placement, chest wall composition and profile, and detector placement effects. 
